Abstract-A new nonlinear dynamic model of large-signal amplifiers based on a Volterra-like integral series expansion is described. The new Volterra-like series is specially oriented to the modeling of nonlinear communication circuits, since it is expressed in terms of dynamic deviations of the complex modulation envelope of the input signal. The proposed model represents a generalization, to nonlinear systems with memory, of the widely-used amplitude/amplitude (AM/AM) and amplitude/phase (AM/PM) conversion characteristics, which are based on the assumption of a practically memoryless behavior. A measurement procedure for the experimental characterization of the proposed model is also outlined.
I. INTRODUCTION
C HARACTERIZATION and modeling of large-signal amplifiers is of basic importance in the design of communications systems. In fact, power amplifiers are among the most critical components in system design, owing to the need for optimal tradeoffs between different requirements, such as linearity, output power, bandwidth, power-added efficiency, etc. In particular, for correct performance analysis of communication systems, accurate prediction of nonlinear distortion and bandwidth limitations is strictly needed. At present, communication system design is based on the well-known amplitude/amplitude (AM/AM) and amplitude/phase (AM/PM) amplifier input/output characteristics, which enable the prediction of large-signal performance only in the presence of strictly narrow-band modulated signals. However, in many cases, modern communication systems involve modulated signals whose bandwidths are far from negligible with respect to the dynamic capabilities of the amplifiers, especially when these also include internal devices for distortion reduction through compensation of the nonlinear conversion characteristics. In such cases, a more complex nonlinear dynamic model, which takes into account the amplifier distortion, due to both the large amplitude and the large bandwidth of the input signal, is needed. To this aim, a special-purpose nonlinear modeling approach is proposed. It is based on a modified Volterra-like integral series expansion [1] - [5] which has also been expressed in a particular form specially oriented to nonlinear systems operating with modulated signals [6] . 
II. NONLINEAR DYNAMIC MODEL
We assume that the output of the large-signal amplifier can be expressed as a generic functional 1 of the input signal which, according to the line-function symbolism [1] , can be expressed in the following form:
This equation simply means that the amplifier output depends linearly or nonlinearly on the values of over a sufficiently large "memory interval" 0 around the instant at which the output is evaluated. In all cases of practical interest, the input signal , for any shift , can be described as a single carrier 2 with generic amplitude and phase modulations with respect to in the following form: (2) where is the equivalent complex modulation envelope (3) and the associated equivalent carrier frequency. On the basis of (2), (3), the amplifier response can be conveniently described by a Volterra-like integral series expansion [2] , [3] in terms of the dynamic deviations of the signal with respect to a convenient reference signal (4) with 0 0. In this case, the reference signal is selected as an equivalent sinusoid with respect to (5) 1 A functional is a real-valued function whose domain is a set of real functions. A simple example of a functional, on the set of integrable real functions defined on a prefixed domain D, is the integral on D.
2 This is assuming that a single carrier with a generic modulation is not a strong limitation, since any multicarrier bandpass signal can be described as an equivalent single-carrier signal with appropriate amplitude and phase modulations.
0018-9456/04$20.00 © 2004 IEEE whose amplitude and phase coincide with that of the input signal at the instant at which the output is evaluated; in fact, . Therefore, we can write (6) By introducing the dynamic deviation (4), (1) can be rewritten as follows:
By expressing the functional of the two functions through a convenient series (see Appendix A), on the hypothesis that the bandwidth of the complex modulation envelope is so small as to make the product of the amplitude of the dynamic deviations for each almost negligible in practice and by considering only the spectral components of the output signal component within the operating bandwidth centred around , it can be shown that the output signal can be expressed as follows [see (A28)]:
According to this equation, the "in-band" output signal can be computed as the sum of different terms. The first term represents the nonlinear memoryless contribution; the second represents the purely dynamic linear contribution and the last two the purely dynamic nonlinear contributions. The dynamic contributions are evaluated through a convolution integral expressed in terms of the dynamic deviations of the complex modulation envelope of the input signal (6) . In particular, when the input signal is a nonmodulated signal carrier, i.e., is a constant, according to (6) , each dynamic deviation is identically zero so that the corresponding output in (8) is given only by the first term. It can be easily shown that the amplitude and the phase of simply correspond to the well-known and widely-used AM/AM and AM/PM amplifier characteristics. This means, in practice, that the AM/AM and AM/PM plots, which are the only data normally provided to characterize the large-signal amplifier response, simply represent a zero-order approximation with respect to the dynamic deviations of the complex modulation envelope , of the system behavior. Thus, in the presence of modulated signals, the commonly used AM/AM and AM/PM amplifier characterization is sufficiently accurate only when the bandwidth of the complex modulation envelope is so small as to make the amplitude of the dynamic deviations for each almost negligible in practice. This constraint cannot be met in many practical cases, when dealing with large bandwidth modulated signals. In such conditions, for better accuracy, the generalized "black-box" modeling approach defined by (8) can be used, by taking into account more terms of the functional series expansion. In fact, even if the series has been truncated to the first order term 1 , considerable improvement in accuracy is achieved with respect to the "coarser" zero order approximation of the conventional AM/AM and AM/PM characteristics alone. In particular, the in-band output signal can also be expressed, according to (8), in terms of the equivalent output complex demodulation envelope in the following form:
where (10) By considering a discrete spectrum modulating signal, the corresponding complex modulation envelope can be expressed in the following form:
whose modulus is given by (12), as shown at the bottom of page. Therefore, the difference can be written as follows:
By substituting into (10), we obtain (14) Let us introduce the following incremental frequency functions, that is
Obviously, we verify that
If we introduce these equations into (14), this last can be rewritten as follows:
Some particular situations can be considered. First, when considering a low frequency modulating signal (i.e., the s are sufficiently small), according to (18), the large-signal model of (19) becomes (20) This shows that the term alone completely describes the large-signal amplifier response when the bandwidth of the modulating signal is relatively small. It can be noted that the term corresponds to the well-known quasistatic amplifier characterization based on the AM/AM, AM/PM conversion plots. However, (20) also shows that only using the AM/AM and AM/PM conversion characteristics [i.e., only the term ] in order to predict the large signal amplifier response under wide-band modulating signals can lead to inaccurate results, since in such conditions, the contribution of the other three terms in (19) is no more negligible. In particular, the second term alone can take into account the amplifier dynamics with wide-band modulating signals, but only when the amplitude of the signal , or equivalently , is sufficiently small. In fact, for small , the contributions of the last two summation terms in (19) become negligible, according to (A16), (A23), and (A24), with respect to the first two terms. Thus, for small , or equivalently small , (19) becomes (21) where (22) is the small-signal amplifier transfer function at the carrier frequency , while clearly represents the difference between the values taken by the amplifier small-signal transfer function at the frequencies and , respectively. The term can be easily measured under small-signal operating conditions by using conventional signal generators and vector voltmeters. However, when wide-band large-amplitude modulated signals have to be dealt-with also the last two terms of (19) must be taken into account. To this aim, a special-purpose measurement procedure, involving wide-band signals and large-amplitude carrier, is needed for complete model identification.
It can be noted that (10) corresponds to the truncation of a modified Volterra expansion expressed in terms of the dynamic deviations of the input signal modulation envelope . In comparison with the classical Volterra series approach, the modified one has the advantage of allowing for series truncation to single-fold convolution integrals even when strongly nonlinear operation is involved, provided that the system to be described has a relative short memory time with respect to the modulating signal bandwidth. More details on the different truncation properties of the classical and modified Volterra series approaches can be found in [2] - [5] . 
III. MEASUREMENT PROCEDURES FOR MODEL IDENTIFICATION
In order to completely identify the large-signal dynamic model of (19), the four complex functions , ,
, and must be experimentally characterized, through suitable measurement procedures for any given frequency and a sufficiently wide set of values for and . As it has been outlined in the previous section, the terms and can be experimentally identified by using a conventional measurement setup like the one of Fig. 1 . This consists of a generator providing a sinusoidal signal at a given frequency , whose amplitude can be controlled by a variable amplifier/attenuator. A vector voltmeter provides the measured ratio between the phasor for the corresponding first harmonic of the output signal and the phasor associated to the sinusoidal input signal ; higher-order harmonics are eliminated by the bandpass filter (BPF). 3 In particular, according to (20), on the hypothesis of a zero bandwidth modulating signal, the term can be characterized for any value of and , by simply applying an input signal with amplitude and frequency , and measuring with the vector voltmeter the ratio (Fig. 1) . Instead, the term can be characterized, for any value of , by applying a small-amplitude sinusoidal signal (23) with frequency ; this signal can also be represented in the form defined by (2) and (11) by letting 0 and 0 for any except . In such conditions, according to (21), the term can be simply computed as
once the ratio has been measured by the vector voltmeter.
As far as the terms and in the model of (19) are concerned, their experimental identification cannot be carried out by using the singlefrequency measurement setup in Fig. 1 . In fact, for a full characterization (i.e., for both positive and negative frequency shifts ), the more flexible setup shown in Fig. 2 , which enables for any type of sinusoidal modulation for a given carrier at frequency , is needed. This consists of a complex envelope modulator which, by applying suitable signals at its two inputs and , can implement any complex modulation of the carrier provided by a sinusoidal oscillator (without loss of generality in the following we will assume 1 V). The two baseband modulating signals and are obtained from a second generator, which provides a sinusoidal modulating signal at any frequency . In the following, we will assume that the modulating signal amplitude is small enough, so that the system response is linear with respect to the modulating signal . It can be noted, owing to the superposition of the effects in small signal operation, that there is no loss of generality in considering a purely sinusoidal modulating signal . It should also be noted that linearization, with respect to the modulating signal, does not undermine the possibility of testing the amplifier dynamic nonlinearity, since this will be detected by suitably varying the amplitude of the carrier, as it will be discussed in the following. In fact, the carrier amplitude , with , can be controlled through the "biasing" signals and in the circuit consisting of two sum blocks and two linear blocks with transfer functions and which provide the two signals at the input of the complex envelope modulator (25) (26) Therefore, we can write (27) According to (2) , the signal applied at the amplifier input can be expressed as follows:
(28) The output signal given by (7) is bandpass filtered in order to eliminate all the spectral components which are out of the signal band of interest (i.e., all the side bands around the harmonics of ) so that the complex envelope demodulator (see Fig. 1 Where and have been measured, for a set of values of and for a given carrier frequency , by using the setup in Fig. 2 under the first test condition (i.e., for ). Equations (41) and (42) provide a simple way of extracting the unknown value of the complex functions , , , and , which completely characterize, together with , the large signal dynamic model defined by the (14). In fact, since according to (B4), (B5), and (B6), it results (43) so that (42) becomes (44) This shows that the unknown term is easily derived from measurements carried out under the first test condition with a small modulating signal having a sufficiently small frequency.
In order to complete the spectrum analysis, we must consider also when the frequency is negative ; to this end, we use as test signal the quantity (45) By considering the second expressions of (33) and (34) Proceeding in a similar manner as in the previous case with positive frequency , we can deduce the new expression of obtained from (39) by substituting , , and , respectively, with , , and . Consequently, we obtain (50) and comparing again with (31), we obtain
In the particular case of 0, i.e., into (27), from (39) or (50), we obtain (54) In this condition, the real and imaginary part of can be measured with two dc voltmeters. By applying (54) for different values of , we can estimate . In the general case of sufficiently low, for each value of , the two complex quantities and can be measured. A preliminary validation of the above outlined characterization procedure has been presented in [7] . The results show that performance predictions can be achieved which are more accurate than those provided by the conventional AM/AM AM/PM characterization approach.
IV. CONCLUSION
A nonlinear dynamic model of a power amplifier for communication systems, which takes into account the amplifier distortion due both to the large amplitude and the large bandwidth of the input signal, has been proposed. The model derives from the truncation of a new modified Volterra series expression formulated in terms of dynamic deviations of the complex modulation envelope which describes the input signal. This model can be considered as a generalization of the conventional AM/AM and AM/PM conversion characteristics which are commonly used to describe the nonlinear amplifier behavior for quasistatic memoryless operating conditions under the hypothesis of a relatively narrow-band input modulating signal. The proposed approach has the advantage of making the narrow-band modulation constraint much less restrictive. Preliminary validation results [7] have shown that significant accuracy improvement can be achieved in comparison with the conventional AM/AM and AM/PM approach. The proposed approach has been presented with special emphasis on communication circuits in the presence of modulated signals. However, it can be potentially applied also to other types of nonlinear dynamic systems operating with bandpass signals. In fact, any bandpass signal can be mathematically described as an equivalent modulation of a virtual carrier frequency allocated within the signal bandwidth. Further work will be devoted to the extension of the proposed modeling approach to the characterization of other types of nonlinear dynamic systems. The components and have been approximated, by considering uniquely 1, on the hypothesis that the bandwidth of the complex modulation envelope is so small as to make the product of the amplitude of the dynamic deviations for each almost negligible in practice. Now, we consider only the spectral components within the operating bandwidth , so that we have
In order to obtain the spectral contribution within the operating bandwidth, we must develop into (A9) the product [see (5) 
The last passage is due to the fact that each term of the first double sum (relative to 1) it corresponds, also since the result must be real, its global conjugate in the second double sum (relative to 1). It is important to emphasise that the contributions within the operating bandwidth are non null only for odd values of . Finally, we can write 
